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HIGHLIGHTS 


•  The  Ni-WC/C  catalysts  were  pre¬ 
pared  successfully  by  a  simple 
impregnation  method. 

•  The  nickel  particles  were  grown  on 
the  WC/C  framework  in  clusters  with 
nanoscale. 

•  Tungsten  carbide  promotes  nickel  to 
more  active  sites  for  urea 
electrooxidation. 

•  Ni— WC/C  nanoclusters  show  supe¬ 
rior  catalytic  activity  for  urea 
electrooxidation. 
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A  nanocluster  Ni— WC/C  electrocatalyst  is  prepared  through  a  sequential  impregnation  method  and  is 
used  for  the  urea  electrooxidation  in  alkaline  conditions.  The  micro-morphology,  lattice  parameter, 
composition  and  surface  states  of  Ni-WC/C  particles  are  determined  by  scanning  electron  microscopy 
(SEM),  transmission  electron  microscopy  (TEM),  X-ray  diffraction  (XRD),  energy  dispersive  X-ray  (EDX) 
and  X-ray  photoelectron  spectrometry  (XPS)  analysis.  The  electrooxidation  activity  and  stability  of  the  Ni 
—WC/C  catalyst  are  also  investigated  by  cyclic  voltammograms  and  chronoamperograms.  Characteriza¬ 
tion  results  indicate  that  the  Ni  nanoclusters  are  uniformly  distributed  on  the  WC/C  framework,  and  the 
Ni— WC/C  catalyst  shows  high  electrocatalytic  activity  and  stability  for  urea  electrooxidation.  The 
maximum  current  density  at  the  Ni-WC/C  electrode  is  almost  700  mA  cm-2  mg-1  which  is  one  order  of 
magnitude  higher  than  that  at  the  Ni/C  electrode,  and  the  steady  current  density  at  the  Ni-WC/C 
electrode  is  also  markedly  improved.  Furthermore,  the  ESA  values  and  XPS  spectra  indicate  that  the 
enhanced  performance  of  the  Ni— WC/C  catalyst  could  be  attributed  to  the  structure  effect  and  electron 
effect  between  nickel  and  tungsten  carbide. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

To  deal  with  the  problem  of  energy  shortage  and  to  protect  the 
global  environment,  hydrogen  has  been  identified  as  one  of  the 
most  promising  candidates  for  alternative  energy  sources.  Urea 
(CO(NH2)2)  has  been  considered  as  a  hydrogen  carrier  for  long-term 
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sustainable  energy  supply  due  to  its  stable,  relatively  non-toxic, 
non-flammable  and  renewable  properties  [1,2].  In  addition,  urea- 
rich  wastewater  is  produced  in  abundance  from  both  animal 
excreta  and  industrial  synthesis  of  urea  [3-5].  Recently,  the  elec¬ 
trochemical  treatment  for  urea-rich  wastewater  simultaneously 
generating  hydrogen  has  attracted  considerable  attention  [3,5-8] 
since  it  is  an  efficient,  clean  and  well-controlled  technique. 
Furthermore,  the  urea  electrooxidation  process  is  also  economical 
because  it  avoids  the  use  of  noble-metal  catalysts  which  are 
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expensive  and  scarce.  In  alkaline  media,  the  low  cost  nickel  elec¬ 
trode  is  shown  to  be  an  effective  catalyst  for  urea  electrooxidation 
[9,10].  The  reaction  process  associated  with  the  urea  electro¬ 


oxidation  can  be  summarized  as  follows. 

Ni  +  20FT  Ni(OH)2  +  2e-  (1) 

Ni(OH)2  +  OH  — ►  NiOOH  +  H20  +  e-  (2) 

CO(NH2)2  +  6NiOOH  +  H20  -►  6Ni(OH)2  +  N2  +  C02  (3) 

Net  anode  reaction: 

CO(NH2)2  +  60H-  N2  +  5H20  +  C02  +  6e"  (4) 


The  nickel  is  firstly  oxidized  to  Ni(OH)2  in  the  alkaline  solution 
(Eq.  (1));  then  the  Ni(OH)2  undergoes  oxidation  to  its  active  NiOOH 
form  at  high  potential,  as  per  Eq.  (2);  the  NiOOH  oxidizes  urea 
further  to  regenerate  the  Ni(OH)2,  shown  in  Eq.  (3).  During  the 
electrochemical  oxidation  of  urea  in  an  alkaline  media,  NiOOH 
catalyzes  urea  electrooxidation  to  the  products  at  the  anode,  and 
the  net  anode  reaction  is  depicted  as  Eq  (4).  [3,11,12]  From  the  total 
urea  electrooxidation  reaction,  it  can  be  observed  that  the  NiOOH 
acts  as  the  catalytic  active  form,  however,  the  active  nickel  oxide 
state  (NiOOH)  would  be  generated  at  high  potential,  and  it  could  be 
easily  blocked  by  CO  groups  as  urea  is  oxidized  which  leads  to  the 
deactivation  of  catalysts.  [8,12]  As  a  result,  the  current  density 
indicating  reaction  kinetics  of  Eq.  (3)  is  low  because  of  the  un¬ 
availability  of  NiOOH,  and  it  quickly  decreases  due  to  a  deactivated 
catalytic  surface.  Thus,  to  obtain  a  high  and  steady  current  density, 
more  active  form  (NiOOH)  should  be  produced  and  simultaneously 
the  CO  blockage  of  NiOOH  should  also  be  minimized. 

Several  methods  of  enhancement  have  been  developed  to  in¬ 
crease  active  sites  and  restrain  the  CO  blockage  for  urea  electro¬ 
oxidation  to  reach  a  high  current  density.  One  way  is  to  synthesize 
the  nanostructure  catalysts  by  taking  advantages  of  their  excellent 
electrical  properties  [13]  and  large  surface  area  to  enhance  the 
current  density.  A  series  of  catalysts  with  nanostructure,  such  as 
nanosheets  [14],  nanoribbons  [13]  and  nanotubes  nickel  hydroxide 
[1],  have  been  successfully  prepared  and  investigated  for  urea 
electrooxidation.  The  obtained  maximum  current  densities  were 
154,  5  and  50  mA  cm-2  mg-1,  respectively,  which  were  much 
higher  than  that  at  the  bulk  nickel  hydroxide  electrode 
(0.5  mA  cm-2  mg-1).  However,  these  nanostructure  nickel  hy¬ 
droxides  cannot  effectively  overcome  CO  poisoning,  the  current 
densities  thus  would  decrease  quickly  due  to  the  catalyst  deacti¬ 
vation.  To  improve  the  CO-tolerance  of  catalysts,  Botte  et  al.  syn¬ 
thesized  bimetallic  and  polymetallic  electrocatalysts  by 
electroplating  other  noble  metals  on  nickel  foil,  such  as  Pt— Ni,  Pt— 
Ir— Ni,  Rh-Ni  and  Ru— Ni  [8].  Among  these,  the  electrodeposited  Rh 
on  Ni  foil  offers  the  best  performance,  which  can  yield  a  steady 
current  density  to  50  mA  cm-2,  improving  by  a  factor  of  200 
compared  to  a  Ni  catalyst  [3].  This  is  probably  due  to  the  ability  of 
the  rhodium  in  the  Rh-Ni  electrode  to  selectively  adsorb  CO,  thus 
preventing  nickel  from  CO  poisoning  and  leaving  active  sites  for  the 
adsorption  of  the  urea  molecule  [8].  However,  the  CO  adsorption  on 
Rh  is  still  somewhat  limited  [7],  and  additionally  the  increased 
amount  of  precious  metal  usage  results  in  high  cost  [15  .  Therefore, 
more  efficient  catalysts  need  to  be  explored  urgently  in  order  to 
achieve  a  high  current  density  and  maintain  activity  for  a  long  time. 

Recently,  tungsten  carbide  (WC)  has  been  used  as  a  high  effi¬ 
cient  co-catalyst  to  enhance  the  activity  and  stability  for  several 
electrochemical  reactions  [16-18].  Furthermore,  tungsten  carbide 
is  known  to  be  highly  resistant  to  CO  poisoning  and  stable  in  acidic 
and  basic  solutions  [19-21  ],  which  could  also  significantly  increase 
the  stability  of  catalysts  [22].  Ganesan  et  al.  found  that  Pt  supported 


on  WC  exhibited  high  methanol  oxidation  reaction  (MOR)  activity 
[23,24].  The  high  activity  could  be  attributed  to  the  fact  that  WC 
activates  methanol  to  form  a  methoxy  intermediate,  and  further 
decomposition  of  the  methoxy  species  is  promoted  by  Pt  [22  .  In 
addition,  Lee  et  al.  reported  that  Pt/WC  exhibited  much  improved 
resistance  to  CO  poisoning  compared  to  a  Pt/C  catalyst  [25].  The 
results  can  be  explained  by  the  weak  surface  adsorption  of  CO  on 
WC  so  that  temporary  blockage  on  the  active  catalytic  sites  is 
relieved.  26]  On  the  other  hand,  tungsten  carbide  also  has  other 
unique  physical  and  chemical  characteristics,  such  as  high  hard¬ 
ness,  temperature  stability,  excellent  electrical  conductivity,  and 
especially,  lower  cost  [27,28]. 

In  particular,  WC  is  shown  to  have  a  broad  unoccupied  d  band 
(or  more  likely,  hybrid  tungsten  5d,  carbon  2p  bands)  above  EF- 
broader,  in  fact,  broader  than  the  unoccupied  d  band  of  tungsten 
[29,30].  This  characteristic  allows  tungsten  carbide  to  attract  the 
outer-layer  electron  of  Ni  atom,  which  would  tend  to  make  nickel 
lose  electron,  allowing  it  to  reach  its  active  oxide  state  (NiOOH)  for 
urea  electrooxidation.  Furthermore,  as  NiOOH  is  easily  blocked  by 
CO  groups,  a  weak  surface  adsorption  of  CO  on  WC  would  enhance 
the  CO-tolerance  of  the  catalyst.  Therefore,  tungsten  carbide  may 
be  used  as  a  co-catalyst  working  together  with  nickel  to  enhance 
the  activity  and  CO-tolerance  in  the  urea  electrooxidation  process. 

In  the  present  study,  the  nanostructure  Ni-based  electrocatalyst 
with  tungsten  carbide  was  prepared  by  a  sequential  impregnation 
method  for  catalytic  urea  electrooxidation.  Considering  that  the 
low  specific  surface  area  of  WC  is  unfavorable  for  the  dispersion  of 
nickel  particles  [17,20,31],  activated  carbon  was  utilized  as  carrier 
which  can  contribute  to  the  generation  of  nanosized  nickel  with 
more  active  sites  [32-34]. 

2.  Experimental 

2.1.  Preparation  of  nano  cluster  Ni—WC/C  catalysts 

The  fabrication  procedure  is  illustrated  schematically  in  Fig.  1. 
First,  2  g  of  activated  carbon  (Aladdin,  1000  m2  g-1)  was  impreg¬ 
nated  in  an  ammonium  paratungstate  (AMT,  from  Aldrich,  99%) 
aqueous  solution  for  the  temperature-programming  reduction 
(TPR)  treatment.  The  sample  was  heated  from  293  I<  to  923  K  at  a 
rate  of  210  K  h-1  in  a  stream  of  80  ml  min-1  N2,  followed  by  the 
reduction  and  carburization  processes  in  a  mixture  of  H2 
(80  ml  min-1)-CH4  (20  ml  min-1)  from  923  K  to  1223  K  at  a 
ramping  rate  of  100  I<  h-1,  finishing  at  1223  I<  for  2  h.  The  as- 
obtained  solid  is  denoted  as  WC/C. 

The  as-prepared  WC/C  powder  was  added  to  a  Ni(N03)2  aqueous 
solution  by  incipient  wetness  impregnation.  The  TPR  treatment 


Fig.  1.  Scheme  of  the  fabrication  procedure  of  the  Ni-WC/C  catalyst. 
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was  carried  out  from  293  I<  to  723  K  at  a  ramping  rate  of  430  K  h-1 
in  a  steam  of  60  ml  min-1  N2  and  40  ml  min-1  H2,  finishing  at  723  K 
for  2  h.  These  processes  resulted  in  nano-Ni  particles  loaded  on  WC / 
C  (noted  as  Ni-WC/C).  Thus,  different  contents  of  the  Ni-WC/C 
catalysts  (see  Table  1)  were  prepared  to  find  an  optimum  compo¬ 
sition  for  urea  electrooxidation.  As  control,  Ni  particles  were  sup¬ 
ported  on  the  activated  carbon  by  the  same  procedures,  noted  as 
Ni  1C. 

2.2.  Electrochemical  measurements 

For  anodic  catalyst  selection,  the  glassy  carbon  disk  electrode 
(GCE,  from  CH  Instruments)  was  polished  and  modified  for  working 
electrode.  Details  of  the  GCE  pretreatment  process  are  as  follows. 

1 )  A  glassy  carbon  disk  electrode,  3  mm  in  diameter,  was  polished 
with  0.05  pm  alumina  until  the  surface  became  mirror-like  for 
working  substrate  before  each  experiment. 

2)  3  mg  of  the  prepared  catalyst  power  was  ultrasonicated  in  0.5  ml 
of  isopropanol,  2  ml  of  deionized  water  and  50  pi  of  5  wt%  Nation 
solution  for  5  min  to  get  a  suspension  [35]. 

3)  5  pi  of  the  suspension  was  dropped  onto  the  polished  GCE  and 
dried  at  room  temperature  overnight. 

4)  After  drying,  the  modified  electrode  was  activated  by  50  cycles 
of  cyclic  voltammetries  from  0  to  0.65  V  vs.  Hg/HgO  at  20  mV  s-1 
in  1  M  KOH  and  then  used  as  the  working  electrode  in  all 
electrochemical  measurements. 

The  control  experiments  used  the  Ni/C  powder  with  the  Nation 
binder  modified  GCE  as  the  working  electrode  which  was  pre¬ 
treated  as  described  above.  All  electrochemical  measurements 
were  performed  in  1  M  KOH  in  the  absence  and  presence  of  0.33  M 
urea  aqueous  solution  using  a  CHI760D  instrument.  Nitrogen  gas 
was  bubbled  into  the  solution  for  30  min  before  the  tests.  An  Hg / 
HgO  electrode  and  platinum  wire  were  chosen  as  the  reference  and 
counter  electrodes,  respectively.  The  cyclic  voltammograms  (CVs) 
were  obtained  between  0  and  0.65  V  vs.  Hg/HgO  at  a  scan  rate  of 
10  mV  s-1.  All  the  voltammograms  reported  were  from  the  sus¬ 
tained  periodic  state  achieved  after  20  sweeps.  The  chro- 
noamperograms  were  carried  out  at  a  constant  potential  of  0.50  V 
vs.  Hg/HgO  for  1  h. 

2.3.  Materials  characterization 

The  morphological  characteristics  of  the  synthesized  catalysts 
were  analyzed  by  field  emission  scanning  electron  microscopy 
(FESEM),  using  a  FEI  Quanta  600  FEG  system  operated  at  20  kV.  The 
chemical  compositions  of  the  prepared  Ni-WC/C  catalysts  were 
determined  by  energy  dispersive  X-ray  (EDX)  attached  to  the 
FESEM.  Transmission  electron  microscopy  (TEM)  images  were 
performed  on  a  Hitachi  JEM-2100F  at  200  kV.  The  crystalline 
structures  were  determined  on  an  X-ray  diffraction  (XRD),  using 
Rigaku  D/max-2400  with  a  Cu  Ka  radiation.  The  surface  states  of  the 


Table  1 

Experimental  matrix  for  the  synthesis  of  different  contents  of  Ni— WC/C  (samples  A— 
E)  catalysts  (wt.%). 


Catalysts 

Nominal  content 

Determined  by  EDX 

Ni 

WC 

C 

Ni 

W 

C 

Sample  A 

10 

10 

80 

13.41 

7.38 

79.21 

Sample  B 

10 

20 

70 

10.36 

11.09 

78.55 

Sample  C 

20 

10 

70 

16.58 

4.22 

79.20 

Sample  D 

20 

20 

60 

21.12 

11.06 

67.82 

Sample  E 

30 

10 

60 

45.64 

9.79 

44.57 

samples  were  characterized  by  X-ray  photoemission  spectroscopy 
(XPS,  K-Alpha). 

3.  Results  and  discussion 

3.1.  Characterizations  of  nano  cluster  Ni—WC/C  catalysts 

The  typical  X-ray  diffraction  (XRD)  patterns  of  the  resulting  Ni- 
WC/C  particles  (samples  A-E)  are  presented  in  Fig.  2.  Three  char¬ 
acteristic  peaks  of  each  spectrum  for  nickel  {2d  =  44.5°,  51.8°,  and 
76.4°),  corresponding  to  Miller  indices  (111),  (200),  and  (222)  [36], 
are  observed.  This  reveals  that  the  resultant  particles  consist  of  the 
face-centered  cubic  (fee)  nickel,  which  agrees  well  with  the  high- 
resolution  TEM  image  (see  Fig.  4b).  Also,  XRD  analysis  shows  the 
existence  of  nanocrystalline  tungsten  carbide.  The  peaks  at  the  26 
of  31.54,  35.66  and  48.44  with  the  d  values  of  0.2834,  0.2516  and 
0.1878  nm  correspond  to  the  (001),  (100)  and  (101)  facets  of  WC 
[37],  which  can  also  be  observed  from  the  high-resolution  TEM 
image  (see  Fig.  4b).  No  peaks  corresponding  to  W  or  WOx  are 
detected,  verifying  the  relative  purity  phase  of  the  tungsten  car¬ 
bides  in  the  prepared  catalysts.  The  results  in  Fig.  2  indicate  the  co¬ 
existence  of  crystalline  Ni  and  WC  of  the  prepared  catalyst,  which 
are  consistent  with  the  EDX  data  (Little  W2C  is  typically  detected 
due  to  the  calcining  process).  Furthermore,  it  can  be  seen  that 
different  contents  of  Ni-WC/C  (samples  A-E)  share  the  same 
crystal  structure  from  XRD,  confirming  a  good  reproducibility  of  the 
catalysts  by  this  preparation  method.  Accordingly,  it  can  be 
concluded  that  the  nanoparticles  prepared  in  this  work  include 
nickel  of  face-centered  cubic  (fee)  structure  and  tungsten  carbide  of 
hexagonal-close  packed  (hep)  structure  as  major  phases. 

The  morphology  images  of  the  Ni-WC/C  nanocluster  catalyst 
are  shown  in  Fig.  3a.  For  a  further  comparison  of  the  morphology 
before  and  after  the  Ni  loaded,  the  SEM  images  of  WC/C  and  Ni- 
WC/C  at  the  same  magnification  are  shown  in  Fig.  3b  and  c, 
respectively.  From  Fig.  3a,  a  homogeneous  distribution  of  small, 
uniform  rounded  grains  can  be  seen;  in  addition,  a  flower  growth 
and  nanocluster  structure  can  been  found  from  the  higher  magni¬ 
fication  SEM  image  (the  inset  of  Fig.  3a).  From  Fig.  3b,  we  can  see 
that  the  WC  particles  are  uniformly  dispersed  on  the  activated 
carbon,  which  is  corroborated  by  the  EDX  (the  inset  of  Fig.  3b).  And 
then  the  nanoscale  rounded  grains  which  have  been  found  to  be 
nickel  (the  inset  EDX  of  Fig.  3c)  are  in  clusters  on  the  WC/C 
framework.  Contrasting  with  the  images  of  Fig.  3b  and  c,  it  can  be 


Fig.  2.  XRD  patterns  of  samples  A-E  particles.  (A)  10%  Ni-10%  WC/C,  (B)  10%  Ni-20% 
WC/C,  (C)  20%  Ni-10%  W C/C,  (D)  20%  Ni-20%  WC/C,  (E)  30%  Ni-10%  WC/C. 
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Fig.  4.  (a)  The  TEM  image  of  the  20%  Ni-20%  WC/C  catalyst,  (b)  The  high-resolution 
TEM  image  from  the  marked  area. 


clearly  seen  that  Ni  nanoparticles  are  coated  on  the  WC/C  frame¬ 
work  in  clusters.  Therefore,  these  nanocluster  nickel  dots  offer 
plenty  of  “active  sites”  to  adsorb  the  urea  molecule,  which  is  ad¬ 
vantageous  to  the  electrocatalysis  process  [38].  Additionally,  there 
are  also  tungsten  carbide  particles  on  the  surface  working  together 
with  nickel.  When  tungsten  carbide  is  doped  into  nickel  particles, 
more  lattice  imperfection  would  be  created  thus  resulting  in  more 
active  sites. 

The  TEM  images  of  the  Ni-WC/C  catalyst  are  shown  in  Fig.  4. 
From  Fig.  4a,  it  is  interesting  to  note  that  numerous  small  dark  spots 
are  uniformly  dispersed  on  the  substrate,  which  is  similar  to  the 
SEM  images.  The  high-resolution  TEM  image  (see  Fig.  4b)  taken 
from  the  edge  of  a  grape-like  sphere  further  demonstrates  that  the 
nanoscale  nickel  is  loaded  onto  the  WC/C  framework.  The  nano¬ 
crystals  with  lattice  spacing  of  ca.  0.20  nm  and  ca.  0.25  nm  corre¬ 
spond  to  the  (111)  planes  {26  =  44.5°)  of  nickel  [36]  and  the  (100) 
planes  {26  =  35.66°)  of  carbide  tungsten  37],  respectively,  which 
are  consistent  with  the  XRD  spectrum.  The  results  in  Fig.  4  indicate 
the  co-existence  of  crystalline  Ni  and  WC  supported  on  the  acti¬ 
vated  carbon  of  the  prepared  catalyst,  which  agree  well  with  the 
SEM  images,  XRD  patterns  and  EDX  data.  Accordingly,  it  can  be 
concluded  that  the  nanoparticles  prepared  in  this  work  include 
nickel  and  tungsten  carbide  nanocrystals. 


Fig.  3.  (a)  SEM  images  of  the  20%  Ni-20%  WC/C  catalyst.  The  inset  is  a  high  magni¬ 
fication  image  of  this  catalyst,  (b),  (c)  SEM  images  with  the  same  magnification  of  20% 
WC/C  and  20%  Ni-20%  WC/C  catalysts,  respectively. 
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E  (V)  vs  Hg/HgO 

Fig.  5.  Cyclic  voltammograms  of  the  10%  Ni-10%  WC/C  catalyst  (sample  A)  in  1  M  KOH 
solution  in  the  absence  and  presence  of  0.33  M  urea  at  a  scan  of  10  mV  s_1. 

3.2.  Electrocatalytic  activity  of  Ni— WC/C  catalysts  for  the  urea 
electrooxidation 

The  electrochemical  behavior  of  the  10%  Ni— 10%  WC/C  (sample 
A)  modified  electrode  for  urea  electrooxidation  was  investigated  by 
cyclic  voltammetry  (CV).  Fig.  5  shows  the  CVs  of  the  sample  A  in 
1  M  KOH  solution  in  the  absence  and  presence  of  0.33  M  urea. 
Without  addition  of  urea,  the  dashed  curve  reveals  a  relatively  low 
peak  at  0.45  V  in  1  M  KOH  (baseline),  which  is  related  to  the 
oxidation-reduction  reaction  of  Ni(OH)2  and  NiOOH  in  alkaline 
media  [3].  In  the  presence  of  urea,  the  curve  shows  a  significantly 
higher  oxidation  peak  than  that  in  background  KOH,  which  con¬ 
firms  the  electrooxidation  of  urea  [5].  The  drastic  increase  of 
oxidation  current  commencing  at  0.42  V  where  NiOOH  is  generated 
indicates  that  NiOOH  is  the  active  form  for  urea  electrooxidation 
[5,11,12].  The  results  demonstrate  that  the  Ni-WC/C  catalyst  yields 
high  electrocatalytic  activity  towards  urea  electrooxidation,  and  the 
main  active  form  is  NiOOH  in  alkaline  media  which  has  also  been 
observed  for  other  Ni  based  catalysts  [3,4,8,11,13]. 

For  comparison,  the  electrocatalytic  activities  of  10%  Ni/C  and 
10%  WC/C  for  urea  electrooxidation  were  investigated  by  CVs  in  1  M 


E  (V)  vs  Hg/HgO 

Fig.  6.  Comparison  of  10%  Ni/C,  10%  WC/C  and  10%  Ni-10%  WC/C  electrodes  for  the 
urea  electrooxidation  in  1  M  KOH  +  0.33  M  urea  at  a  scan  of  10  mV  s-1. 


E  (V)  vs  Hg/HgO 

Fig.  7.  Comparison  of  10%  Ni/C  and  10%  Ni-10%  WC/C  electrodes  in  1  M  KOH  alone  at  a 
scan  of  10  mV  s-1. 

KOH  solution  in  the  presence  of  0.33  M  urea,  as  shown  in  Fig.  6.  The 
figure  shows  that  Ni/C  can  also  catalyze  urea  electrooxidation 
whereas  there  is  no  clear  oxidation  peaks  for  the  WC/C  electrode  in 
the  solution.  However,  the  urea  electrooxidation  current  density 
catalyzed  by  Ni-WC/C  is  much  higher  than  that  of  the  Ni/C  catalyst. 
This  suggests  a  synergistic  catalysis  between  Ni  and  WC  because 
the  Ni-WC/C  catalyst  provides  higher  current  density  than  either 
Ni/C  or  WC/C  alone.  It  turns  out  that  the  catalytic  activity  for  urea 
electrooxidation  is  significantly  enhanced  by  the  addition  of  WC. 

3.3.  Analysis  of  urea  electrooxidation  enhancement  by  Ni—WC/C 
nanoclusters  catalyst 

To  evaluate  the  effect  of  WC  in  the  Ni-WC/C  catalyst,  CV  sweeps 
of  10%  Ni/C  and  10%  Ni-10%  WC/C  electrodes  in  1  M  KOH  solution  in 
the  absence  of  urea  were  performed,  shown  as  curves  in  Fig.  7.  The 
peaks  in  each  CV  are  the  formation  of  NiOOH  on  the  forward  scan 
and  Ni(OH)2  on  the  reverse  scan,  as  expected  (Eq.  (2)).  It  is  notable 
in  Fig.  7  that  the  real  electrochemical-active  area  of  Ni-WC/C  is 
larger  than  that  of  Ni/C,  indicating  that  the  particle  size  of  Ni  on  Ni- 
WC/C  is  much  smaller  than  that  of  Ni/C.  The  electrochemical  sur¬ 
face  area  (ESA)  of  the  Ni  catalyst  on  the  electrode  surface  has  been 
estimated  using  the  charge  required  to  reduce  NiOOH  to  Ni(OH)2 
during  the  cathodic  sweeps  according  to  the  reported  literature. 
[13]  The  calculated  results  (in  Table  2)  reveal  that  the  Ni-WC/C  is 
provided  with  a  larger  ESA  (50.73  m2  g-1)  than  that  of  the  Ni/C 
(14.67  m2  g-1).  The  Ni—WC/C  catalyst  with  larger  ESA  offers  more 
active  sites,  which  may  be  attributed  to  the  structure  effect  due  to 
the  doping  of  WC  to  Ni.  Furthermore,  the  results  in  Table  2  indicate 
that  the  Ni-WC/C  also  exhibits  a  higher  specific  activity  (3.4  A  m-2 
Ni)  which  is  1.17  times  the  specific  activity  of  the  Ni/C  (2.9  A  m-2 


Table  2 

Electrochemical  activities  of  the  formation  of  NiOOH  for  Ni/C  and  Ni-WC/C. 


Catalyst 

ESAa  (m2  g"1) 

Mass  activities 

Specific  activities 

(mA  mg-1  Ni) 

(A  m-2  Ni) 

Ni/C 

14.67 

42.9 

2.9 

Ni-WC/C 

50.73 

173.4 

3.4 

a  The  value  of  ESA  is  calculated  according  to  the  following  formula:  ESA  =  QJ 
0.257 *m.  The  Q. (mC)  consumed  during  the  reduction  of  NiOOH  to  Ni(OH)2  has  been 
estimated  by  integration  of  the  area  under  the  reduction  peak  of  the  CVs  shown  in 
Fig.  7.  A  0.257  mC  cm-2  is  the  charge  associated  with  the  formation  of  a  monolayer 
of  Ni(OH)2,  and  m  is  the  loading  amount  of  the  catalysts. 
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Ni).  Besides,  the  onset  potential  of  the  Ni-WC/C  catalyst  is  40  mV 
more  negative  than  that  of  the  Ni/C  catalyst,  indicating  that  the 
active  NiOOH  is  easily  formed  on  the  Ni-WC/C  catalyst.  The  higher 
specific  activity  and  lower  onset  potential  of  the  Ni-WC/C  catalyst 
could  be  ascribed  to  the  synergistic  effect  between  Ni  and  WC.  It 
indicates  that  both  the  structure  effect  and  the  electron  effect 
accelerate  the  formation  of  more  active  NiOOH  for  urea 
electrooxidation. 

To  further  clarify  the  electronic  effect  of  WC  on  Ni,  XPS  mea¬ 
surements  were  performed.  The  XPS  spectra  for  Ni  2p  of  Ni/C  and 
Ni-WC/C  are  shown  in  Fig.  8  and  reference  data  are  presented  in 
Table  3.  The  characteristic  Ni  2p  peaks  which  are  associated  with 
the  spin-orbit  coupling  effect  require  careful  analysis  because  Ni 
exists  in  various  oxidation  states  with  their  overlapping  2p  region. 
For  both  WC/C  and  Ni-WC/C,  the  Ni  2p  spectra  are  well  fit  by  four 
peaks,  and  each  peak  represents  to  one  state  of  elemental  Ni,  cor¬ 
responding  to  Ni,  NiO,  Ni(OH)2  and  NiOOH.  [39]  As  compared  to 
those  of  Ni/C,  all  the  peaks  of  the  Ni-WC/C  display  big  positive 
shifts,  especially  the  peak  of  NiOOH  (from  857.58  to  859.05  eV), 
which  could  be  attributed  to  the  electron  transfer  from  Ni  to  WC. 
Given  the  big  difference  in  the  electro-negativity  between  Ni  and 
WC,  the  shifts  of  d  electron  density  from  Ni  to  WC  would  lower  the 
outer-layer  electron  density  of  Ni,  thus  weakening  the  penetration 
effect  of  outer-layer  electron  to  the  more  inner  layer.  Hence,  the 
decreased  outer-layer  electrons  reduce  shielding  effect  for  the 


Binding  Energy  /  eV 


Binding  Energy  /  eV 


Fig.  8.  XPS  spectra  of  Ni  2p  from  the  (a)  Ni/C  and  (b)  Ni-WC/C  catalysts. 


Table  3 

XPS  reference  data  for  Ni  2p  of  the  Ni/C  and  Ni-WC/C  catalysts. 


Ni/C 

Ni-WC/C 

BE  (eV) 

Compositions  (%) 

BE  (eV) 

Compositions  (%) 

Ni 

852.07 

1.40 

852.62 

7.67 

NiO 

853.74 

11.07 

853.98 

21.16 

Ni(OH)2 

855.53 

79.21 

856.06 

55.29 

NiOOH 

857.58 

8.31 

859.05 

15.88 

constraining  force  of  nuclear  charge  and  enhance  the  attraction  of 
atomic  nucleus  to  2p  electrons.  [40]  Thus,  Ni  2p  electrons  are 
inspired  difficultly  and  their  binding  energy  would  be  a  positive 
shift. 

Quantitative  XPS  results  of  both  Ni/C  and  Ni-WC/C,  shown  in 
Table  3,  indicate  the  percentages  of  surface  Ni  in  each  state  and 
their  binding  energy  positions.  Compared  with  the  percentage  of 
NiOOH  in  both  samples,  it  is  also  observed  that  the  percentage  of 
surface  NiOOH  increased  from  8.31%  to  15.88%  with  the  presence  of 
WC,  indicating  that  more  NiOOH  tends  to  be  generated  on  the 
surface  of  the  Ni-WC/C  catalyst.  It  is  inferred  that  doping  tungsten 
carbide  to  nickel  leads  to  the  electronic  distribution  of  the  new 
catalyst  in  a  desirable  direction  [29,41  ],  resulting  in  more  “active 
state”.  Herein,  it  is  concluded  that  the  more  active  state  (NiOOH)  for 
urea  electrooxidation  is  formed  which  enhances  the  catalytic 
activity. 

3.4.  Optimum  composition  of  Ni-WC/C  catalysts  for  the  urea 
electrooxidation 

In  order  to  optimize  the  composition,  different  contents  of  Ni- 
WC/C  catalysts  (samples  A-E)  were  investigated  by  a  group  of  cy¬ 
clic  voltammograms  (CVs)  in  1  M  KOH  +  0.33  M  urea.  It  can  be  seen 
that  all  of  the  Ni-WC/C  catalysts  with  different  contents  provide 
higher  current  densities  than  the  Ni/C  catalyst,  as  shown  in  Fig.  9. 
Additionally,  it  is  shown  that  the  20%  Ni-20%  WC/C  (sample  D) 
electrode  offers  the  highest  current  density  for  urea  electro¬ 
oxidation.  The  maximum  peak  current  density  is 
682.94  mA  cm-2  mg-1,  which  is  about  one  order  of  magnitude 
higher  than  that  offered  by  the  Ni/C;  furthermore,  it  shows  ca.  100 
times  enhancement  in  current  density  compared  with  other  re¬ 
ported  studies  for  urea  electrooxidation  [1,13].  Therefore,  the  20% 


Fig.  9.  CVs  of  different  contents  of  Ni-WC/C  catalysts  (samples  A-E)  and  comparison 
of  Ni/C  catalyst  used  for  the  urea  electrooxidation.  Cyclic  voltammetry  of  each  catalyst 
was  performed  from  0  to  0.65  V  vs.  Hg/HgO  at  10  mV  s-1  in  1  M  KOH  +  0.33  M  urea. 
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Ni— 20%  WC/C  (sample  D)  catalyst  appears  to  be  the  optimum 
content  for  urea  electrooxidation  under  our  experimental  condi¬ 
tion.  It  is  hypothesized  that  this  particular  content  provides  suffi¬ 
cient  nickel  on  the  surface  for  the  catalytic  process  because  nickel  is 
the  main  catalyst  for  urea  electrooxidation  but  excess  nickel  would 
hinder  the  effect  of  tungsten  carbide.  Consequently,  the  20%  Ni— 
20%  WC/C  (sample  D)  catalyst  displaying  the  highest  catalytic  ac¬ 
tivity  for  urea  electrooxidation  is  regarded  as  the  optimum  content. 


3.5.  Electrocatalytic  stability  of  Ni— WC/C  catalysts  for  the  urea 
electrooxidation 

The  electro-catalytic  stabilities  of  the  Ni-WC/C  catalysts  (sam¬ 
ples  A-E)  were  evaluated  by  the  chronoamperometry  at  0.50  V  in 
1  M  KOH  solution  in  the  presence  of  0.33  M  urea,  as  shown  in 
Fig.  10.  From  this  figure,  the  steady  current  density  catalyzed  by 
each  Ni-WC/C  sample  is  much  higher  than  that  by  the  Ni/C  catalyst 
for  urea  electrooxidation.  Nevertheless,  the  Ni/C  electrode  nearly 
lost  its  catalytic  activity  during  the  long-time  test.  It  also  can  be 
seen  that  the  sample  D  (20%  Ni-20%  WC/C)  demonstrated  the 
highest  steady  current  density  for  the  urea  electrooxidation,  which 
is  in  accordance  with  the  CV  features.  The  highest  steady  current 
density  remains  at  92.59  mA  cm-2  mg-1  after  3600  s  at  the  Ni-WC/ 
C  electrode,  indicating  the  superior  stability  for  the  urea 
electrooxidation. 

The  incorporation  of  tungsten  carbide  results  in  stability 
improvement,  which  may  be  attributed  to  its  high  CO-resistance. 
The  theoretical  investigation  of  Daramola  et  al.  [11]  shows  that 
CO  groups  tend  to  strongly  adsorb  on  the  surface  of  the  NiOOH 
which  may  quickly  lose  its  catalytic  activity  during  the  urea  elec¬ 
trooxidation.  However,  the  adsorption  of  CO  on  WC  is  very  weak. 
The  addition  of  WC  on  the  surface  would  impede  CO  adsorption  on 
the  active  sites,  and  hence  allowing  the  active  sites  (NiOOH)  to 
perform  their  duty.  Thus,  the  catalytic  stability  for  urea  electro¬ 
oxidation  is  greatly  improved  by  the  addition  of  WC  in  the  Ni-based 
catalyst.  Given  the  advantages  of  higher  electrooxidation  activity, 
CO-resistance  and  stability  for  the  Ni-WC/C  case,  this  kind  of 
catalyst  holds  significant  potential  for  practical  applications  in  urea 
electrooxidation. 


Fig.  10.  Chronoamperograms  of  different  contents  of  Ni-WC/C  catalysts  (samples  A— 
E)  and  10%  Ni/C  in  1  M  KOH  solution  in  the  presence  of  0.33  M  urea.  (A)  10%  Ni-10% 
WC/C,  (B)  10%  Ni-20%  WC/C,  (C)  20%  Ni-10%  WC/C,  (D)  20%  Ni-20%  WC/C,  (E)  30%  Ni- 
10%  WC/C.  Applied  potential  was  0.5  V  vs.  Hg/HgO. 


4.  Conclusions 

In  the  present  work,  a  Ni-WC/C  catalyst  was  prepared  by  a 
sequential  impregnation  method  for  the  first  time.  The  Ni  nano¬ 
particles  are  in  clusters  which  are  uniformly  distributed  on  the  WC/ 
C  framework.  The  Ni-WC/C  nanocluster  catalyst  shows  high  elec¬ 
trocatalytic  activity  and  stability  for  urea  electrooxidation.  The 
maximum  current  density  of  urea  electrooxidation  exhibited  by  the 
Ni— WC/C  catalyst  is  almost  700  mA  cm-2  mg-1,  which  is  one  order 
of  magnitude  higher  than  that  of  displayed  by  the  Ni/C  electrode. 
Furthermore,  the  ESA  of  the  Ni-WC/C  catalyst  (50.73  m2  g-1)  is 
larger  than  that  of  the  Ni/C  catalyst  (14.67  m2  g-1),  indicating  that 
the  particle  size  of  Ni  on  the  former  is  much  smaller  than  that  of  the 
latter.  The  Ni  2p  peaks  in  the  XPS  spectra  of  the  Ni-WC/C  catalyst 
show  big  positive  shifts  compared  to  those  of  Ni/C,  especially  the 
peak  of  NiOOH  (1.47  eV  shift),  which  are  attributed  to  the  electron 
transfer  from  Ni  to  WC.  Therefore,  the  addition  of  tungsten  carbide 
contributes  to  the  formation  of  the  active  form  NiOOH  for  urea 
electrooxidation.  Additionally,  the  longer  current-time  test  reveals 
that  the  stable  current  density  of  the  Ni-WC/C  catalyst  is  also  su¬ 
perior  to  that  of  the  Ni/C  catalyst. 

The  Ni-WC/C  nanocluster  catalyst  described  here  is  able  to 
simultaneously  exhibit  three  key  characteristics  of  a  good,  practical 
catalyst  for  urea  electrooxidation:  high  electro-activity,  great 
tolerance  to  poisoning,  and  high  stability.  The  enhanced  perfor¬ 
mance  of  the  Ni-WC/C  catalyst  for  urea  electrooxidation  could  be 
attributed  to  the  synergistic  effect  between  nickel  and  tungsten 
carbide,  as  well  as  to  its  nanocluster  structure.  The  mechanism  by 
which  this  novel  catalyst  enhances  the  extent  of  urea  electro¬ 
oxidation  could  be  further  investigated  by  Density  Functional 
Theory  (DFT)  calculations.  Our  laboratory  will  explore  this  subject 
area  and  the  results  will  be  reported  in  future  communications. 
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